Reasons for performing study: Double plate fixation has been reported in a small number of horses with comminuted fractures of the middle phalanx. There are no published reports using this technique in the management of other injuries that destabilise the proximal interphalangeal joint (PIJ), including biaxial palmar/plantar eminence fractures and disruption of the palmar/plantar soft tissue support structures of the PIJ. Furthermore, there is a paucity of information on the long-term prognosis for horses undergoing double plate fixation to manage destabilising injuries of the PIJ. Objectives: To document further the clinical use of double plate fixation for management of injuries to the PIJ resulting in palmar/plantar instability and compare these results with other methods of management. Study design: Retrospective case series. Methods: The case records and radiographs of 30 horses with destabilising injuries to the PIJ treated by double plate fixation at Texas A&M University between 1987 and 2013 were analysed. Long-term follow-up information was obtained by telephone interview with the client or referring veterinarian. Results: Thirty-one disruptive PIJ injuries were double plated in 30 cases. Twenty-nine of 30 horses were discharged from the hospital. The medial time for post operative external coaptation was 41 days. Long-term follow-up (>2 years) was available for 25 horses, of which 15 (60%) returned to useful function. Radiographic evidence of fracture healing and arthrodesis of the PIJ was evident in 28 (90%) repairs at 6 months following repair. Conclusions: The use of 2 abaxially placed dorsal plates for management of destabilising injuries to the PIJ results in a very good prognosis for survival and a reasonable prognosis for return to functional use.
Introduction
Injury resulting in axial instability of the proximal interphalangeal joint (pastern, PIJ) can result from a variety of causes in the horse [1] [2] [3] . Comminuted fractures of the middle phalanx, biaxial palmar/plantar eminence fractures, and disruption of the palmar/plantar soft tissue support structures of the pastern cause life threatening axial instability of the distal limb. Quarter Horses are thought to be predisposed to these injuries because of the severe bending and torsional forces placed on the distal limb during sudden stops and turns during cattle work or speed events [3] ; however, similar injuries have been reported in other breeds and activities, including pasture turnout [3] [4] [5] . Clinical presentation includes nonweightbearing lameness, with swelling of the pastern region. Pain and instability is commonly elicited on manipulation. Radiographic examination is diagnostic.
Techniques described for management of pastern instability include: distal limb cast application alone or in combination with lag screw fixation of the palmar/plantar eminences [4] , dorsal plating with a single narrow dynamic compression plate [6] and double plate fixation [1, 5, 7, 8] . In addition, transfixation cast application has been reported [9, 10] .
The purpose of this study is to report the results of double plate fixation for management of disruptive injuries to the PIJ in an expanded case population. We hypothesise that double plate fixation for the management of PIJ instability shortens the duration of post operative convalescence and improves prognosis for healing and return to work when compared to reported outcomes of other treatment methods.
Materials and methods
Medical records of horses with disruptive injury to the pastern region resulting in palmar/plantar instability at Texas A&M University Large Animal Hospital between January 1987 and June 2015 treated by double plate fixation were reviewed. Pastern instability was diagnosed on clinical examination and confirmed radiographically (Fig 1) . Case background, clinical history, type of injury, length of surgery, implant configurations, perioperative management, complications and outcome data were collected for each horse.
Surgical technique
Fracture reduction and internal fixation were performed as previously described by Crabill et al. [5] . Horses were placed in lateral recumbency with the affected limb uppermost. The standard approach to the pastern was utilised, including an inverted T-incision in the skin and an inverted V-incision in the extensor tendon. The collateral ligaments of the pastern joint were transected and the joint was dorsally luxated to expose the articular surfaces and allow better visualisation of the fracture lines. All accessible articular cartilage was removed from the proximal and middle phalanges using a bone curette. Osteostixis of the subchondral bone plate of the proximal phalanx was accomplished using a 2.5 mm drill bit. The goal of repair is to reconstruct the proximal articular surface and re-establish the tensile component of the pastern by engaging the palmar/plantar eminences. Fracture reduction and screw placement is aided by visualisation of fracture lines and fluoroscopy.
Anatomical alignment was maintained with reduction forceps during drilling and implant placement. Two dynamic compression plates (DCPs) or locking compression plates of appropriate size and length were contoured and applied to the dorsomedial and dorsolateral aspects of the proximal and middle phalanges. Abaxial plates, with a single screw through each plate (usually 5.5 mm cortex screws), engaged the proximal aspect of the middle phalanx using lag technique. Care was taken to reduce and engage the palmar/plantar eminences with the distal plate screws in an effort to reduce the palmar/plantar cortex of the middle phalanx and re-establish palmar support structures and the tensile component of the pastern. As Equine Veterinary Journal 49 (2017) 211-215 © 2016 EVJ Ltd determined by the fracture configuration, 4.5 or 5.5 mm cortical screws were placed using lag technique into major fracture fragments to provide interfragmentary compression in the middle phalanx or transarticular to provide compression across the pastern. The remaining plate screws were filled with either 4.5 or 5.5 mm cortical screws or 5.0 mm locking screws depending on type of plate.
Following apposition of the overlying soft tissues, a sterile bandage was applied over the surgery site and a standard half-limb cast was applied. Recovery from anaesthesia was assisted. During the immediate post operative period the contralateral limb was elevated with a support shoe to the same height as the casted limb in order to encourage equal weightbearing with the injured limb. 
Drug therapy

Post operative care
Between Weeks 2 and 3 postoperatively, the cast was removed and skin sutures removed under general anaesthesia. The cast was either replaced or a bandage cast was applied, depending on the perceived strength and stability of the fixation as evident by manipulation of the fractured limb, degree of post operative comfort, and radiographic evidence of maintained reduction of fracture lines and compression across the proximal interphalangeal joint. The duration each cast was maintained was variable. A bandage cast was applied once it was determined that the degree of support could be reduced. The distal limb was bandaged for 3 weeks following cast removal. Horses were confined to their stall for 2 months and then hand-walked for 2 additional months following discharge. At the end of this period, the horse was transitioned to small paddock turn-out, providing complications had not occurred. Owners were advised to monitor the horse's progress and allow unrestricted pasture turn-out after 2 months in the paddock. If the horse was noted to become free of lameness, gradual return to intended use could be attempted.
Follow-up
Post operative radiographs were taken to document reduction and implant position (Fig 2) and assess fracture healing/progression of arthrodesis during hospitalisation and at 3 months after discharge. Long-term (>2 years) follow-up information was available for 25 cases and was obtained through telephone interview with owners or referring veterinarians.
Results
Thirty horses with 31 disruptive injuries to the pastern region were treated by double plate fixation. Subject details are summarised in Supplementary Item 1. Horses were aged 1 month to 15 years (median 6 years) with weights ranging from 86-545 kg (median, 454 kg), and included: 19 Quarter Horses, 5 Arabians, 4 American Paints, and 2 Warmbloods. There were 11 geldings, 11 mares, and 8 colts.
The cause of injury was not known in 4 cases. Trauma during unrestricted paddock turnout (n = 13), cattle work (n = 12) and arena work (n = 5) was reported in the remaining cases. In 29 cases, acute-onset, severe (Grade 4-5/5) lameness was reported. One case (24), previously treated with alcohol in the PIJ to encourage ankylosis, developed progressive plantar luxation and was Grade 3 lame at presentation. Thirteen injuries affected forelimbs, 18 affected hindlimbs.
Radiographs demonstrated comminuted (>4 fragments identified) bi-articular fractures with bilateral palmar/plantar eminence involvement and subluxation of the pastern joint (n = 17), comminuted (>4 fragments identified) monoarticular fractures with bilateral palmar/plantar eminence involvement and subluxation of the pastern joint (n = 8), plantar luxation (n = 3) and biaxial oblique condylar fracture of the first phalanx in a foal (n = 1). There was one case with comminuted fractures affecting both forelimbs (Case 28). Forelimb fractures (n = 13) were comminuted (n = 12) with 11 involving both the proximal and distal interphalangeal joints. There was one biaxial eminence fracture in a forelimb. Hindlimb injuries (n = 18) included comminuted biarticular fracture (n = 6), comminuted monoarticular fracture (n = 1), biaxial eminence fracture (n = 7), plantar luxation (n = 3), and one biaxial fracture of the distal condyles of the proximal phalanx.
Prior to surgery, the injured limb was maintained in a splint-cast with the dorsal cortices of the phalanges and metacarpus/metatarsus aligned. All fractures remained closed prior to repair. Fracture repair occurred 1-28 (median 4.5) days after injury. In horses with bilateral forelimb fractures, initial plate fixation was accomplished on the right and the left digit was immobilised with a transfixation cast. Ten days after the initial surgery, the left digit underwent double plate fixation.
Two narrow DCPs (3-5-hole) were used in 26 repairs. Narrow locking compression plates (4-hole) in combination with a narrow DCP (3-hole) were used in 4 repairs. In one horse, 2 locking compression plates (4-hole) were employed. Surgery time ranged from 110-240 (median 180) min. One horse developed transient radial nerve paresis in the uppermost forelimb during repair of a hindlimb injury. All other horses recovered uneventfully from anaesthesia.
Uncomplicated repairs were supported for 12-47 (median 20) days in standard half-limb casts. When the duration of cast support exceeded 21 days, the initial cast was replaced with a second standard half-limb cast under general anaesthesia. Bandage casts were used for 7-60 (median 21) days after removal of standard cast support. Cast removal and replacement with a bandage cast on Day 11, in Case 6, was necessary to facilitate management of postoperative surgical site infection. Construct (i.e. bone implant) failure occurred on Day 3, in Case 10, necessitating replacement of the standard cast with a half-limb transfixation cast. The bilateral nature of the injuries in Case 28 necessitated departure from standard management practices and it was not included in the analysis and a further 3 cases were excluded where the duration of cast support could not be accurately discerned from the medical records.
Twenty-nine horses (97%) were discharged 21-145 (median 41) days after surgery. The horse with bilateral fractures (Case 28), the cast complicated construct failure (Case 10) and one additional case (Case 3) were hospitalised for an extended period. Postoperatively, 3 horses developed laminitis, 2 in the limb contralateral to the injury. Two were subjected to euthanasia, and laminitis in Case 25 was successfully managed and the horse was salvaged for breeding purposes. [Correction added on 13 May 2016, after first online publication: The text has been changed in the preceding sentence.] Case 26 fractured her femoral head 45 days following discharge and was subjected to euthanasia.
Type of injury and outcome are summarised in Table 1 . Twenty-seven horses (28 repairs) had radiographic evidence of arthrodesis and fracture healing within 6 months of surgery. Twenty-five horses were available for long-term (minimum 2 years after discharge) follow-up; 5 returned to intended use, 10 were sound for light riding (i.e. free from lameness during light exercise) and 7 were sound for pasture.
Discussion
Twenty-nine (97%) horses in this study were discharged from the hospital. In contrast, 69% of cases managed by casting with or without lag screw fixation (4) and 67-70% using transfixation casting [9, 10] were discharged. It is important to note that information reported by Joyce et al. [9] included both proximal and middle phalanx fractures. Horses in this study were discharged on average at Day 48 following surgery, which is the time most cases managed in a transfixation cast are transitioned into another form of external support [10] . A delayed time to surgery did not appear to affect outcome negatively. The average time to surgery was 8 days with patients initially immobilised in a bandage cast with a dorsal splint [11] . Disruptive injuries to the pastern region can be safely immobilised for transport to facilities equipped for adequate repair. When the injured limb is appropriately immobilised, horses remain comfortable and the soft tissues protected before surgery making immediate repair less critical, allowing for stabilisation of the patient and appropriate preoperative planning.
Fifteen horses (60%) in this study returned to useful function, 9 were unable to return to their preinjury use but were able to be ridden in less demanding activity and 6 (20%) returned to their intended use (i.e. same use post injury). Three horses (10%) were subjected to euthanasia and 5 horses were unavailable for follow up. The remaining 7 horses (23%) were sound for pasture and/or breeding. Double plate fixation provided the requisite strength and stability necessary for uncomplicated healing in a high percentage of injuries involving the middle phalanx and/or periarticular support structures of the pastern joint. Arthrodesis of the PIJ at the time of repair shortened the time of convalescence and improved function of the limb once healed.
Six (38%) comminuted biarticular fractures of the middle phalanx returned to useful function. Reconstruction of the proximal articular surface of the middle phalanx should improve alignment of the distal articular surface of the middle phalanx in biarticular fractures. Improved alignment of the distal articular surfaces is intended to reduce the likelihood of degenerative disease of the coffin joint, improve the horses' comfort and the potential for affected horses to return to useful function (Fig 3a,b) . In this study, 9 of 14 (64%) horses with injuries involving only the PIJ returned to useful function, with 4 horses returning to their preinjury use. The difference in results for injuries involving both interphalangeal joints vs. only the PIJ is noteworthy.
By using 2 plates, with the distal plate screws engaging the palmar/ plantar eminence fragments, when present, the tensile component of the pastern was re-established, providing increased stability while at the same time reducing bending forces on the bone-plate construct. In addition, incorporating the palmar/plantar eminences into the fixation improved alignment of the palmar/plantar cortex of the middle phalanx, minimising callus formation in an area that could interfere with the podotrochlear apparatus (Fig 4) .
Disruption of soft tissue support structures along the palmar/plantar aspect of the middle phalanx region at the time of initial injury should be considered when evaluating long-term soundness following repair. Soft tissue evaluation was not performed in the majority of the cases in this study; however, preoperative ultrasonography, magnetic resonance imaging or contrast enhanced computed tomography may provide additional information to aid in prognosis for return to athletic soundness. Rupture of the deep digital flexor tendon in conjunction with comminuted second phalanx fractures has been described, although not observed in this group of horses [12] .
The average time in a standard distal limb cast was 28 days followed by an additional 55 days in a bandage cast. The use of 2 plates allows for rigid internal fixation enabling direct healing, decreasing time in a cast and period of convalescence. A more stable fixation provides immediate post operative comfort encouraging early weightbearing on the affected limb, decreasing the amount of loading on the contralateral limb and the risk of developing support limb laminitis. Virgin et al. [13] reported that cases that developed support limb laminitis were in a cast for a mean duration of 7.3 weeks. Cast immobilisation has been used successfully (67%) to treat horses with comminuted fractures of the middle phalanx; however, healing often resulted in severe degeneration of the joint [4] . Prolonged time in a standard cast increases the probability of developing cast-associated complications [4, 9, 10, 14] .
Immediate post operative comfort is an advantage of managing unstable highly comminuted fractures in a transfixation cast. Return to light riding was reported in 3 of 10 horses managed in a transfixation cast [9] ; however, a return to previous level of athletic activity was not reported. Complications associated with transfixation casting include premature pin loosening and catastrophic fracture at the bone-pin interface [9, 10] . The majority of cases in this study were comfortable at 48 h post operatively and supported themselves on the affected limb while being fitted with an elevated shoe on the support limb to facilitate equal weightbearing.
Locations distal on the limb, open reduction, the use of implants and procedures exceeding 3 h have been reported to increase the risk of post operative infections [15] [16] [17] . In spite of these predisposing factors, there were only 2 cases in this study that developed surgical site infection. An important consideration in fracture management is that, if infected, fracture healing can only occur in the presence of absolute stability. Double plate fixation produces a strong, stable and fatigue resistant fixation that, at least in one of the 2 cases that developed infection in this series, supported bony union. Although the use of antimicrobial impregnated beads and regional limb perfusions would be expected to reduce the likelihood of surgical site infection even further, the vast majority of the cases reported here had only systemic therapy and the effects of local therapy cannot be commented on.
This report is limited to a retrospective descriptive study due to the lack of a control group of cases in our hospital with similar injuries treated by other methods of repair. Direct comparison to other reports is difficult. Variables and conditions in other hospital locations are different and should be considered when interpreting results. The proportion of horses returning to functional use is slightly lower when the outcomes of 5 cases without long-term follow-up are considered poor.
In summary, double plate fixation for management of disruptive injuries causing pastern joint instability resulted in a short convalescence time and high percentage of survival, and allowed some horses to return to useful function.
